Molecular-orbital decomposition of the ionization continuum for a diatomic
molecule by angle- and energy-resolved photoelectron spectroscopy.
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The quantum-state-specific photoelectron angular distribut®aBs) from the NOA 23 (v=0, N)

and D 23" (v=0, N) states are analyzed based on the theoretical formalism presented in the
preceding companion article. The dynamical parameters in this analysis can be divided into two
distinct types, one that directly pertains to the dynamics in the ionization continuum of NO that
yields the NO X '2*(»*=0, N*) ion and the other that depends both on the ionizing state and on
the ionization continuum. The continuum parameters obtained in this study determine various
molecule-frame scattering matrices that describe the short-range collision dynamics between the
photoelectron and the NOX 3% (v*=0, N¥) core and agree very well with the corresponding
quantum-defect quantities determined for high-lying Rydberg states converging to the NO
X137 (»*=0, N¥) ion. Specifically, it is found thaso- and do-partial waves mix almost
completely because of the anisotropic interactions between the photoelectron and the other electrons
in the ion core whereas the orbital angular momentum of the other partial waves are relatively
unperturbed by scattering with the ion core. The dynamical parameters determined in the analysis
also constitute complete descriptions of the photoionization events of tha RKJ (»=0, N) and

D 25" (»=0, N) states and provide detailed quantitative information about the Cooper minimum in
the 3po— do ionization channel that appears in the photoionization of theIN&, " (»=0) state.

The present study represents the first direct experimental determination of the scattering dynamics
between the photoelectron and the ion core in a molecular systerhf996 American Institute of
Physics[S0021-960806)00711-]

I. INTRODUCTION dberg levels based on the multichannel quantum defect

The close connection between the dynamics in the iontheory(MQDT)'Q'13 ° i
ization continuum reached in a photoionization process and ¢ recent advent —of various photoelectron-
that of the Rydberg states has long been recognized in atomP€croscopic techniques that accomplish the resolution of
physics! Despite their different asymptotic behaviors, elec-ndividual quantum levels of ion has enabled dgta|lgd_|2rlves-
trons in the ionization continuum and in Rydberg states sharidation of the dynamics of molecular photommzatﬂdn:
common physics at the short electron—ion-core distance th&Y analyzing quantum-state-specific PADs from optically
can be described as the scattering of the photoelectron aigigned molecules in a specific quantum level that is ac-
the ion. Hence, photoelectron spectroscopy and spectroscoff§SS€d Dy resonance-enhanced multiphoton ionization
of Rydberg states provide complementary information on théREMP)), it has been shown that even the complete informa-
short-range scattering dynamics between the electron and tfign that describes the molecular photoionization process can
ion. The realization of this commonality between the dynam¥€ obtained experimentalf§:**~?° A natural extension to
ics in the ionization continuum and that of the Rydberg state$hese studies is then to employ these photoelectron-
has played an essential role in providing a unified descriptiogPectroscopic techniques to investigate the short-range scat-
of diverse experimental data, such as the quantum defects #ring dynamics between the photoelectron and the ion to
Rydberg series, perturbations between Rydberg levels, arg@@Pmplement the information obtained by bound-state Ryd-
photoelectron angular distributiof®ADs) from direct and  berg spectroscopy.
resonant photoionization everfie. In the companion article(abbreviated hereafter as

In molecular systems, the same commonality betweePZ1?"), we developed a theoretical formalism based on the
the dynamics in the ionization continuum and that of themolecular-orbital decomposition of the ionization continuum
Rydberg states exists despite the complexities introduced bipat treats explicitly the short-range scattering between the
reduced symmetry, the structure of the ion core, and the prephotoelectron and the molecular ion within the independent
ence of nuclear degrees of freedBthHowever, direct ex- electron approximation. The most notable feature of the
perimental investigations of the short-range scattering dytheoretical formalism is that the dynamical parameters in it
namics between the electron and the molecular ion usingan be classified into two distinct types, one that pertains
photoelectron spectroscopy are lacking, and our curremnly to the ionization continuum and the other that depends
knowledge on this subject has been derived almost exclusoth on the ionizing state and on the ionization continuum.
sively fromab initio investigationt’~*2and analyses of Ry- Through this disentanglement of the ionization-continuum
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dynamics from the photoionization dynamics, the formalismexperimental constraints for us to determine completely dy-
exploits maximally the commonality between different namical parameters that describe the photoionization dynam-
photoionization processes and allows for the direct extractioics of the NOA and D states. This determination is a clear
of dynamical information that pertains to the ionization con-demonstration of the advantage of the molecular-orbital for-
tinuum by analyzing the quantum-state-specific PADs frommalism presented in PZ1 that exploits the commonality be-
multiple electronic states. tween distinct photoionization processes.

In this article, the theoretical formalism in PZ1 is applied

to analyze the quantum-state-specific PADs of the NO _
A 22*(1/20, N) andD 22*(1/:0, N) states and to obtain dy- Il. ANALYSIS OF EXPERIMENTAL PADS: EXTRACTION

namical parameters that describe both the dynamics in tth DYNAMICAL PARAMETERS

ionization continuum of NO associated with the formation of ~ The quantum-state-specific PADs from the NO
the NO" X 25" (»*=0, N¥) ion and the photoionization dy- A 25*(»=0, N) and D %*(»=0, N) states reported
namics of the NOA and D states. Through simultaneous previously®?*?®are analyzed here based on the theoretical
analysis of the quantum-state-specific PADs from the AO formalism presented in PZ1. Three data sets are included in
andD states, the dynamical parameters that pertain directlyhe analysis: The first set of data consists of quantum-state-
to the ionization continuum are determined in this study.specific PADs from photoionization of the N@ 23 (»=0,
These continuum parameters, which characterize the propel=25) level via theA 23" —X 2I1(0—0)P,;+ Q,(25.5) ex-
ties of continuum molecular orbitals in the ionization con- citation employing linearly polarized excitation and ioniza-
tinuum of NO, determine various molecule-frame scatteringion light beams at 225.4 and 312 nm, respectiv&§he
matrices up to a phase factor and provide detailed quantitasecond set consists of PADs from photoionization of the NO
tive insight into the collision dynamics between the photo-A S (v=0, N=22) level via the
electron and the NOX 23" (v*=0, N¥) ion. The continuum A 23" —X 2I1(0-0)P,;+Q,(22.5) excitation employing
parameters determined in this study can also be compardihearly polarized excitation and circularly polarized ioniza-
directly with the MQDT parameters that are obtained fromtion light beams at 225.6 and 313.5 nm, respectit&ly.
analysis of the high-lying Rydberg states converging to théThe third set contains PADs from photoionization of
NO" X 23*(»*=0, N*) ion. The comparison shows good the NO D 2 (»=0, N=18 level via the
overall agreement between the parameters determined in obr 23" —X 2I1(0-0)Q,;+ R;(17.5) excitation employing
analysis and the MQDT parameters, thus illustrating that théinearly polarized excitation and ionization light beams at
quantum-state-specific PADs can provide dynamical infor187.2 and 428 nm, respectivefy.
mation complementary to that obtained from spectroscopy of  Figure 1 shows polar plots of experimental PADs for five
Rydberg states. ion rotational levels that result from photoionization of the

In addition to providing dynamical information about the NO A 23" (»=0, N=25) level with linearly polarized excita-
ionization continuum, the dynamical parameters obtainedion and ionization light beams. Each ionizing transition is
from the simultaneous fit provide complete descriptions oflabeled with AN=N*—N, which is the difference in the
the photoionization dynamics of the N@2%*(»=0) and rotational quantum number of the ion and that of the ionizing
D 23" (»=0) states>2>?82Hence, the dynamical param- state. The angle between the linear polarization vectors of the
eters determined in this study enable us to predict experiexcitation and ionization laser beams is denoted;asFig-
mentally unobserved quantities such as the threeure 2 shows polar plots of PADs observed in the photoion-
dimensional PADs and the angular-momentum polarizationization of the NOA 25" (»=0, N=22) level with linearly
of the ions produced from the photoionization proceg8:?®  polarized excitation and circularly polarized ionization light
They also provide conclusive experimental evidence for thdbeams. The difference in PADs that result from photoioniza-
existence of a Cooper minimum in thgg@—do ionization  tion with left- and right-circularly polarized light beams con-
channel in the photoionization of the ND 23" (»=0) state.  stitutes the CDAD>?*3°-3%Finally, Fig. 3 shows polar plots

A complete description of a molecular photoionizationof PADs observed from photoionization of the NO
event has already been accomplished for the photoionizatioB 23" (»=0, N=18) level when both the excitation and the
of the NO A 23" (»=0) state by analyzing quantum-state- ionization light beams are linearly polarized. In the PADs
specific PADs using the theoretical formalism based on thgresented in Figs. 1-3, the error bar associated with each
partial-wave decomposition of the ionization continutit?®>  data point represents2¢- uncertainty. These quantum-state-
It is worthwhile to note, however, that in the present study, aspecific PADs show a dramatic difference in nodal patterns
complete description of the NO state has been achieved depending on the electronic state being ionized, the value of
without measurement of the circular dichroism in PADsAN, and the polarizations of the excitation and ionization
(CDAD).23:2430-32Ag shown in our previous study, the mea- light beams. Inspection of PADs also reveals that the angle-
surement of CDAD is necessary to determine the signs ohtegrated cross sections and shapes of PADaf¢r-0 and
phases of dipole-moment matrix elements within the contexAN<O transitions with the sam¢AN| are different for
of the partial-wave theoretical formalist.?°In the present photoionization of the N@ state, whereas those of the cor-
analysis, which is based on the molecular-orbital decomporesponding PADs from the N@ state are approximately the
sition of the ionization continuum, the CDAD measurementsame?®-2426
for photoionization of the NQA state alone provides enough In our formalism, thg1+1") REMPI of NO is treated as
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FIG. 1. Polar plots of experimental PADs for five ion rotational levels from
photoionization of the NQA 25 (»=0, N=25) level. Both the excitation-
and the ionization-laser beams are linearly polarized. The plots are scaled
uniform size. The angle-integrated relative cross sect@gsire listed with
the PADs. Note that the values 8§, for AN>0 andAN<O0 transitions with
the samegAN| are approximately the same. The error bars represent 2
uncertainties. The solid lines are the predictions of the model based on the
results listed in the second columns of Tables | through III.

AN=+2
homtir G2

FIG. 2. Polar plots of experimental PADs for five ion rotational levels from

hotoionization of the NOA 25" (y=0, N=22) level. The ionization-laser

am is circularly polarized, and the PADs are recorded by rotating the

linear polarization vector of the excitation-light beam. The plots are scaled
to uniform size. The angle-integrated relative cross sectiggsre listed
fﬂNith the PADs. The error bars represent @ncertainties. The solid lines are

fe predictions of the model based on the fit results listed in the second
columns of Tables | through I11.

a two-step process consisting of the one-photon excitation

step to the resonant intermediate state and the one-phot(yﬁ‘ﬂ ./ can be found in Refs. 35 and 24, depending on
ionization step® the one-photon excitation simply generates . VN

the aligned ionizing state, which is subsequently probed b>\;vhe.ther the polarization of the ionization light beam is linear
the ionizing photon. Both the NOAZ*(»=0) and > circular. _ N _ _

D 25*(»=0) states follow Hund's caséh) coupling, as evi- Once the expressions fqrMNM& are obtained analyti-
denced by their small spin-rotation coupling constdfBe-  cally for each experimental geometry, the observed quantum-
cause the resonant excitation process in our experiment pretate-specific PADs can be fit to Eq42) and (43) in PZ1.
pares a specific vibration-rotation lev@lN) in the ionizing  The Levenberg—Marquadt modified nonlinear least-squares
state that follows Hund’s cadb) coupling, the effect of the method was used in the fitting procedure, and the chi-square
excitation step on PADs can be compactly represented inalue served as the figure-of-merit functiéhThe param-
terms of the density matrix elemerﬁ%N,\A’,u (or equivalently  eters in the fit are eigenchannel parametef‘(%, ?;A, and

in terms of the spherical multipolgthat describe the distri- M3, : U}, represents the vibrationally averaged value of the

butiog 2of3 the magnetic sublevels for the givdw,N)  electronic transformation matrix eleme@A represents the
4,27,35 " o ) . ) .

level. The transitions employed to reach both thegjectronic eigenphase shift that is the scattering phase shift

2 — 2 —
A Ef(V—O, N) andD 2+(V—.0’ N) levels are blended, and for the a,th continuum molecular orbital, anh”  repre-
a mixture of twoJ levels with the same value df are »

incoherently excited in the intermediate stet®#. has been
shown both experimentafly and theoreticallj®>” however,
that the electronic spin in the intermediate state does n
affect the photoionization dynamics of the N® and D

states, which assures us thn%NM, is sufficient to describe
N

sents the vibrationally averaged electronic dipole-moment
matrix element that connects a given ionizing electronic or-
bital to the ayth continuum molecular orbital. As empha-

ot. X .

sized in PZ1, these parameters specify not only the photo-
ionization dynamics of the NOA 23" (y=0) and

D 25" (»=0) states but also the dynamics in the ionization

the effect of the excitation step on PADs. The expressions focontinuum of NO that yields the NOX 13 (»*=0) ion once
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are related to each other through a unitary transformation.
According to our formalism, the asymmetry in PADs
Poo Poo. observed in the photoionization of the ND state suggests
AN=-3 @ a7 that dynamical parameters that describe the photoionization
process are dependent on the photoelectron energy over the
energy span of the observed rotational featdfés.ab initio
calculations, a Cooper minimum has been proposed to exist
in the 3poc—do channel at a photoelectron energy around
0.33 eV in the photoionization of the N@® 23" (»=0)
state®” The Cooper minimum, which is a well-known phe-
nomenon in atomic photoionizatidi*°refers to a vanishing
of the electronic dipole-moment matrix element that con-

N
nects the ionizing state to one of the ionization channels.
45 AN=0 a8 Although U}, , 7, , andMj, are usually independent of
energy over the energy span of several rotational Ie¥els,

6,=0° 6,=90°

70

(¥

Mﬁ,x associated with the ionization channel that exhibits the

Cooper minimum can be strongly dependent on the photo-
electron energy because even a small change of the dipole-
95 moment matrix element is important near the point of its
vanishing. Therefore, the parameters that signify the linear
energy dependences Mfzx(D) were introduced in the fit for

the ionization channels that are related to the-partial
i~ @ AN43 waves in the ionization continuum. Note that one Cooper
=* “ minimum can cause more than oms‘,\]x(D) to be dependent

on photoelectron energy because several continuum molecu-

FIG. 3. Polar plots of experimental PADs for five ion rotational levels from |gr orbitals can have théo-partial-wave component through
photoionization of the NOD 25" (y=0, N=18) level. Both the excitation- e s . 7
!0m|xmg in the ionization continuurf’

and the ionization-laser beams are linearly polarized. The plots are scaled . k20 22 24 25{ .

uniform size. The angle-integrated relative cross sectiggsire listed with In Oour previous work, === he dynamical parameters

the PADs. Note that the values 6§, for AN>0 andAN<O transitions with  in the fit were magnitudes,, and phasesy, of the vibra-

the samdgAN| are markedly different. The error bars represemtubcer- tionally averaged electronic dipole-moment matrix elements

tainties. The solid lines are the predictions of the model based on the fi L .

results listed in the second columns of Tables I through II. L[hat_connect an ionizing state to the asymptotic photoelectron
partial waves with orbital angular momentdrand the pro-

jection) of | on the internuclear axis. Unlikgy,, , 7, , and

they are uniquely determined from the fit. Whert;lsigA and M3, in the present fitr,, and 7, describe only the dynam-

H e i ,22,24,25,2 s
7. represent only the dynamics in the ionization continuum S Of & Specific ionizing staté: , The fitting based on
A o ... I, and g, could be decomposed into two independent parts
M, depends both on the ionizing state and on the ionization . S .
r — by taking advantage of the photoionization selection rule,
continuum. Consequently, whereas the same sejpgfand  AN+1=o0dd which is applicable forS—3 photoionizing

“A are employed to fit quantum-state-specific PADs fromtransitions*'*> The AN=even ionizing transitions were fit

100 AN=+1

Ta

the NOA andD states, two distinct sets ol are em-  With parameters for odt-partial waves, andN=odd ion-

ployed in the fit depending on the ionizing St”aMA (A) izing transitions were fit with parameters for eviepartial
,

desianates the electronic dinol ¢ matrix el { thayaves. This photoionization selection rule does not apply,
esignates the € ecz rcimc Ipole-moment matrix € gmen aHowever, for continuum molecular orbitals that are defined to
connects the NQA “37 (v=0) state to thea,th continuum

. N . be the eigenfunction of the short-range electronic

molecular orbital, ana ax(D) denotes the corresponding Hamiltonian?’ A continuum molecular orbital can be a com-

quantity for the NOD % (v=0) state. bination of even and odd partial waves, depending on the
Because the ionizing transitions faN=4 were not ob-  molecular potential that a photoelectron experiences near the

Sfr:/es(zjo in th‘ﬁ phottgellectron 'Speicgado'f the ?Q;[Oand [I) molecular-ion core. The electronic transformation matrix el-

states’’***°the partial waves included in our fit were lim- \ i i -

ited to <32 Thips truncation in the partial-wave expansion ementsiic, sp_emfy the composition of th%th continuum

. o ) molecular orbital in terms of asymptotic partial waves.

is also supported by the resultsadf initio calculations of the : — N

corresponding photoionization proces3®¥ Because of the Therefore, the fit based C?U'ax’ Tay an_d M, generr.;\IIy _

angular momentum constraint imposed on the one-photoﬁa””Ot be decomposed into parts unlike the previous fit

ionizing transition betweei¥ states,\ is restricted to be Pased om;, andn, . _ _

either 0 or=1. The number of continuum molecular orbitals N Principle, the fit based on the formalism presented in

in the fit is the same as the number of partial-wave channel8Z1 can determine all the dynamical parametexy, ,

in the fit, because the molecular orbital and the partial wave?A and MZA, given quantum-state-specific PADs from a

ay !
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sufficient number of electronic states. In the present fit, howwave channels was introduced at the second fitting stage.
ever, certain parameters on which quantum-state-specifiBecause only partial waves uplte3 are included in our fit,
PADs depend weakly cannot be well determined because otine event block of the electronic transformation matrix be-
experimental data have errors associated with them and alsmmes a X2 matrix for \=0. The even- block for A=1
because PADs from only two different electronic states areontains, on the other hand, only one element because the
included in the fit. To determine which dynamical parametergartial wave withl =0 cannot have a projection=1. Hence,
could be obtained from our fit with acceptable confidencel?®, for evenl can be written as
we performed nonlinear least-squares fitting of quantum- " _
state-specific PADs at several stages. Ugsar= U4 s=Cog 9y, (2a)

To start with, the fit was performed by ignoring all the -

short-range interactions that couple the asymptotic partial- ss2= " Udsa= ~SiN(dsq), (2b)
wave channels, thus setting the electronic transformation mand
trix U to be a unit matrix. The paramet and M? | —

p eﬁx ay Ug,%: 1. (20)

along with one parameter that signifies the energy depen-
dence ofM ZA(D) for the do-partial wave channel, remained In Egs.(2a) through(2c), o and 7 represenh=0 and\=1,
unrestricted throughout the fitting procedure. At the firstrespectively. Following the spectroscopic convention, photo-
stage, the fit could be decomposed into two separate parts fétectron partial waves are designatedag, d, andf waves
even and odd, as described above for the fit basedrgp ~ for 1=0, 1, 2, and 3, respectively. The parametrization of
and 7, . At subsequent stages, couplings between partiaIUf‘aX given in Egs.(2a and (2b) ensures that the evén-

wave channels were introduced sequentially by including thélock of the electronic transformation matrix with=0 is a
appropriate electronic transformation matrix elements as fitreal unitary matrix. Herep?, represents the mixing angle
ting parameters. At each stage, the correlation matrix fronpetween theso- and do-partial waves®?’ The continuum
the fit was examined carefully to decide whether all the pamolecular orbitals formed by thiemixing between theso-
rameters from the fit were determined independently. Theind do-partial waves are labeled asil andsd?2 in Egs.
goodness of the fit at each stage was judged based on thigg and (2b). BecauseM }v\m(D) for both thesdl andsd?

reduced chi-square value, which is the chi-square value dignization channels can be influenced by the Cooper mini-
vided by the number of degrees of freedom in the fit. Al- . m in the Po—dao channel, two fitting parameters that
though the reduced chi-square value in an ideal model fittingigniw the linear energy dependences Wy (D) and

s e - - . S
should approach 1 statisticaff,a fit with a reduced chi- MZ,(D) were included in the fit. Note that only parameter

square value of less than 2 is considered acceptable in thg_. designates the energy dependenceMQf(D) for the
present case because the experimental PADs contain systeH\—_ artial wave channel was included at t?le first stage of
atic errors that are not accounted for in our fit. We note thaf' 7 P g

the same criterion was applied in our previous analyses O&vem fitting. When theso—do mixing was introduced in

PADS from the NOA "X (0, N) states that employed, o oc ' o5 B8 Slict VR O 8 S
and 7, as fitting parameterd:22:24.25 pp ' 9

At the first stage when the electronic transformation ma-ShO\Ned no extensive Correla'Flons between various param
. x . . - eters at this stage of the eveériit.

trix U* was set to be a unit matrix, the reduced chi-square ) _
At the third stage, we performed the fitting of quantum-

value from the best converged evkfit was around 8, which tate-specific PADS bv introducing fitting arameters that de-
was clearly not acceptable. The reduced chi-square valygate-specit y! ucing fiting p .
scribe mixing between various evénand oddt partial

from the converged odtffit was, on the other hand, less than waves within the sami manifold to determine whether the

2 even at this first stage. Investigation of the correlation maim rovement in the reduced chi-sauare value of the dviin-
trix from the oddt fit showed no extensive correlations be- "™MP d

tween various parameters in the fit. The result of the lofid- resulted from the introduction of two additional fitting pa-

suggests, at least statistically, that the short-range interaé‘:"meters' The mixing parameter between goe and do-

tions that mix even-and oddt partial waves are not needed par_t|al WavesUsg, Was, on the other hand, set to be zero,
to model the PADs associated with tAéN=even ionizing unlike in the second stage, so that the effectigf could be

transitions. It also implies that eadh\) (I=odd) partial eliminated in the fit at the third stage. The eveand the

wave forms an independent continuum molecular orbitalOdd4 fit cannot be separated at th|_s s_tage because the mixing
that is between eveh-and oddt channels is introduced. Up to two

parameters were employed in the fit to designate the linear

Glx%: 8, (I=o0dd, A=0,1). (1)  energy dependences MQX(D) _for the ionization channels

that are coupled to thdo-partial-wave channel. Although

The result of the evehit suggests, on the other hand, that the fitting was performed exhaustively with new parameters
the I-mixing interactions between evénpartial waves are that represent themixing between all possible combinations
necessary to model the PADs associated withAN=odd of even} and oddt partial waves, the reduced chi-square
ionizing transitions. values were found to be always greater than 4.

Based on observations at the first fitting stage, a fitting  Finally, we performed a nonlinear least-squares fitting of
parameter that allows the coupling between elvgrartial-  PADs with more than one mixing parameiacluding Jg.
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TABLE I. The continuum parameters determined from the fit of experimen-TABLE Ill. The vibrationally averaged electronic dipole-moment matrix
tal PADs for photoionization of NO via th& 25 *(»=0, N) andD 23 *(»=0, elementsM ZA(D), that connect the N® 23*(v=0) state to theth con-
N)_ states. Also shown are the \{alues of the correspoqding parameters detelhuum molecular orbital. The values in parentheses represennéertain-
mined from the MQDT analysis of thle spectroscopic data of high-lying ties. The second column listd % (D) from the unconstrained fit, in which
Rydberg series converging to the NOC "X 7(»" =0, N. )_|on (Refs. 16 and all the parameters were free to vary, and the last columnNMgt{D) from
43). The values in parentheses represestuhcertainties. Other relative . L . . N

the constrained fit, in which the continuum parameters were fixed at the

eigenphase shift¢e.g., 77 —77) can be calculated easily from the values values obtained from the MQDT analysis of the spectroscopic data of high-

feted here lying Rydberg series converging to the NO&X 13" (v*=0, N*) ion (see the
Parameter Fit MQDT analysis text). TheMgA(D) values are normalized so that their squares sum to unity.
T Tea —-1.583) -1.25 Parameter Unconstrained fit Constrained fit
e -1.292 ~1.26
Tgﬂ_égl 0 07(5119)) 0.06 M¢u(D) 0.128) 0.022)
- . : M{w(D) —0.4(1) ~0.252)
-1 -0.539) —0.65 s
S Mp(D) 0.4047) 0.4088)
Ty —0.547) -0.65 p : :
f p . . o
d 0.735) ~0.675 M{(D) 0.024) 0.026)
= ' ' M(D) 0.1325) 01325
Mi(D) 0.574) 0.6078)
MF(D) -0.013) —0.01(4)
1 dMu(D)*® —0.043) -0.32)

The reduced chi-square values from these fits indeed de-
creased from the value obtained at the second stage, but onIyMS”dl(D)
slightly. In addition, the correlations between fitting param-
eters became more significant as we added more fitting pa-
rameters. Combined with the results of the fit at the previousrhe energy is in units of the rotational constant of the NBS* (v
stages, the results of this investigation indicate that in mod-=0, N*) ion (B=1.9878 cm*).

eling the quantum-state-specific PADs from the NO

ANE o ANE o o ot
A2 (v=0) andD 2" (v=0) states;, is stafistically more data set. The circularly polarized ionization light imposes the

significant than any other single mixing parameter. :
. handedness to our experimental geometry and enables us to
The second columns of Tables | through Il list all the . . . i
determine the signs of  various dynamical

parameters determined up to the second stage of the fittin 3.24 3032
: rameterg324
procedure described above. These parameters represent the .
s - . . The model PADs predicted for each data set by the dy-
minimumset of fitting parameters needed to describe experi-

; . . namical parameters in Tables | through Ill are shown as solid
mental PADs acceptably. As discussed previously, the stansﬁ—neS in Figs. 1 through 3. They, values in Figs. 1 through
tical criterion for the acceptability of the fit was that the ' Moo :

. . 3 designate the angle-integrated relative cross sections for
reduced chi-square value was less than 2. The dynamical 9 g 9

parameters listed in Tables | through Il asgnedquantities €ach ionizing transition. The experimental PADs in Figs. 1

. v . through 3 from both the NOAZ"(»=0, N) and
except for a"M%(A) andMgq (D) that are constrained to D 25" (»=0, N) levels agree very well with theoretical pre-

be positive in our fit(see Sec. IV A The signs of various gictions based on the simultaneous fit of all the data sets.
dynamical parameters could be uniquely determined from

our fit with this convention because the quantum-stateq piscussION
specific PADs from the NG\ 22 (v=0, N=22) level using
the circularly polarized ionization light were included as

dE
dM{p(D) @ -0.0012) —0.0081)
M{p(D) dE

aA- Determination of the parameters that describe the
ionization continuum

Among the dynamical parameters in our model, the elec-

TABLE Il. The vibrationally averaged electronic dipole-moment matrix el- tronic transformation matrix e|emen@|>\ and the elec-
ements,M% (A), that connect the NQ\ 2 *(»=0) state to themth con- O

tinuum molecular orbital. The values in parentheses represenngertain-  (1ONiC eigenphase Sh'ﬁg&x represent only the dynamics in
ties. The second column IisMQX(A) from the unconstrained fit, in which the ionization continuum and determine various molecule-
all the parameters were free to vary, and the last columnMsfgA) from  frame scattering matrices for the photoelectron—ion-core col-
the constrained fit, in which the continuum parameters were fixed at thgjsion up to a phase factéf. The second column of Table |
values obtained from the MQDT analysis of the spectroscopic data of highy. . . . )
lying Rydberg series converging to the NG 37 (»"=0, N™) ion (see the lists these.contlnuum parameters de?e'rmmed from the simul
text. TheM), (A) values are normalized so that their squares sum to unity.tarz‘eous fit of qufntum'State'Specmc PADs of the NO
A %3*(vy=0) and D “3*(»=0) states. In general, the photo-

Parameter Unconstrained fit Constrained fit ionization dynamics and the dynamics in the ionization con-
MZ4(A) 0.2718) 0.231) tinuum do not depend on the overall phase of the continuum
MZp(A) 0.001) 0.132) photoelectron wave function. Consequently, the differences
MZ(A) 0.502) 0.422) ; - R W N

ME’(A) 0.322) 0.311) between t.al_genphase .shlft%,w Ta, ,_ ms_tead ofq-a.k, a_re
MZ(A) 0.4729) 0.5147) the quantities determined from our fit without arbitrariness,
M4(A) 0.051) 0.0756) and we Iist?i,w -7

N in Table I. As discussed in Sec. Il, the
parameters that represent the mixing between évand

a

M7(A) 0.241) 0.2379)
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oddd partial waves were not needed in modeling the experiRydberg states. Theo—do Rydberg-series mixing coeffi-
mental PADs, and the fit could be decomposed effectivelycient with its sign was determined by Fredinal® through
into two separate parts. Hence the phase relationship bextensive MQDT analysis of the double-resonance MPI
tween everl- and oddt partial waves, which can be repre- spectra of- andd-Rydberg states via th@ II intermediate
sented byrj — 73y, could not be determined from our fit and state. To determine the sign of tise—do Rydberg-series

is omitted from Table I. For the same reason, the electronienixing coefficient, Fredinet al. calculated the electronic
transformation matrix for each can be decomposed into dipole-moment matrix elements for the Rydbe@41 tran-
two independent blocks, one that designated thexing in-  sitions (which are analogous t ’;x in our formalism by

teractions inside the odd-partial-wave manifold and the employing the assumption that the Coulomb wave functions
other that designates themixing interactions inside the describe both th€ 21 state and the Rydberg orbitals. These
event partial-wave manifold. The elements of the former aredipole-moment matrix elements and the signed—do
given in Eq.(1), whereas the elements of the latter can berydberg-series mixing coefficient were inserted into the
calculated from Eq(2) with ¢y given in Table I. MQDT equations to predict the intensity pattern for the
As described in detail in PZI;, andUy, are, respec- Rydberg-C 21 transitions. The sign oB; was then deter-
tively, the continuum analogs of the electronic quantum demined by comparing the calculated and observed spectra. In
fects and the Rydberg-series mixing coefficients for highthese calculations, the signs of dipole-moment matrix ele-
lying Rydberg states. Becausg andU}, characterize the Ments, which subsequently affect the signig are fixed by

short-range scattering dynamics between the photoelectrdi€ Phase convention of Coulomb wave functibns.

and the ion core, they are rather insensitive to the photoelec- The actu_al scattering dynamics between the photoelec-
tron energy across the ionization thresh@idConsidering tr_on and the ion depends_, hovx_/ev_er, iny on the refative phase
that photoelectrons observed in our experiments have kineti ifferences between various ionization channels. Therefore,

energies of only approximately 200 meX, and Jl)\a de- t_e signs of dynamical param_eters.m.our fit can be varied
A A simultaneously as long as their variations are correlated so

termined from our fit for the cor_1tinuum photoelectrons canipat the dynamically important phase relations between the
be compared with the electronic quantum defects and thg)nization channels are not changed; inspection of (B4)

Rydberg-series mixing coefficients, respectively, determinegyt p71 reveals that the signs bf* are interrelated with the
ax

;Orlg?‘fvffg)"ﬂﬂg Rydberg states converging to the NO signs oflj?ax and the values ong once the phase relations

The Rydberg series of NO converging to the NO between asymptotic ionization channels are fixed by experi-
X I3*(»"=0, N*) level have been studied extensively Mental PADs. As discussed in Sec. I, we determined the

through  high-resolution  absorption  and emissionSigns of all the parameters in the fit by constraining the signs

spectroscop¥*® and double-resonance MPI spectroscHpy. ©f @l MZA(A) andMgq (D) to be positive. We believe that
The MQDT analysis of the observed spectra indicates thathe difference in the phase conventions in the MQDT analy-
event and odd+ Rydberg series do not interact with each sis of Rydberg spectra and in our fit accounts for the sign
other'®!® The analysis also indicates that the interactiongeversal ofd¢,. The above discussion also reveals that the
among the odd- Rydberg series are almost negligible close agreement between our fit results and the MQDT pa-
whereas theso- and do-Rydberg series almost completely rameters in values c@A — 7, is rather fortuitous because

. 15,16 “
mix to form the so-called §,d supercomplexes:™™Note  noy can differ by integer units without affecting the actual

that these findings from the MQDT analysis of the Rydbergg.aitering dynamics between the photoelectron and the ion
spectroscopy of NO agree almost completely with the find- n

, : o when the signs oM? andU}, are correlated accordingly.
ings from our analysis of quantum-state-specific PADs: The A N
expressions for the electronic transformation matrix given inNote that this indeterminacy iﬁ;/k, — 7, is reminiscent of
Egs. (1) and(2) exactly mirror the findings of the Rydberg the indeterminacy of quantum defectand the principal
spectroscopy. guantum numbejsencountered in the experimental analysis
In the last column of Table I, we list the electronic of the Rydberg level positior’st® quantum defects of Ryd-
guantum-defect parameters determined from the spectroberg levels can be determined experimentally only up to
copy of high-lying Rydberg states for quantitative compari-mogulo 1, as is®), | — 7 in our analysis. It is nevertheless

son with the dynamical parameters determined in odffit. . “
y P very clear in Table | that the agreement between the param-

In general, the agreement between the parameters from ou . )
fit and the MQDT parameters is satisfactory including signse¥ers from our fit and the MQDT_E)arameters is very good.

, . . =\ _ . .
of FZ,W - ?Q,A, despite the small differences between the val- The discrepancies Wary ™ Tay listed in Table | may

. . reflect real differences between the dynamics of the
ues of parametersee below. Two marked discrepancies are ) . Lo
) ) ) - . photoelectron—ion scattering above and below the ionization
apparent in Table I: The sign afZ; and the magnitude of

o _ o threshold. It is difficult to explain the marked discrepancy of
sd2™ 7sd1- o _ "o ;
The sign reversal ofigy is believed to originate from the s~ 7san based solely on this argument, however, because

. . . ) : - | i i
difference in the phase convention employed in this workotherz,, , — 7, show only small discrepancies. The other

and in the MQDT analysis of the spectroscopy of high-lyingpossible source of this big discrepancy is th@p— 774, can
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be determined inaccurately from our nonlinear least-squaregl,— 77, determined from the unconstrained fit and the
fit because of systematic errors present in our dedapled corresponding quantum-defect difference probably originates
with the correlations between the various parameters in thisom the systematic errors present in the experimental PADs
fit). The convergence of our fit is achieved by the globalof the NOD state. It also implies that with our limited ex-
minimization of the chi-square value. The fact that we ob-perimental data alone, the small discrepancies between

tained the lowest Chi-square value does not guarantee, hOVFz‘,/ - ?D‘()\ from the unconstrained fit and the Corresponding

. . . (23 N
ever, that the various parameters determined from our fit Cor(iuantum-defect parameters cannot be ascribed to the real dif-

respond to the true physical parameters in .the mOdelference in the dynamics above and below the ionization
especially because of the systematic errors in the datf?h
set? ) . i The above comparison of results from the constrained
To check this possibility, we performed the nonlinear 5,y \nconstrained fits clearly illustrates the difficulty in fit-
Egst—squares fitting of quantum-state-specific PADS Withjg experimental PADs that contain systematic errors to ex-
Tar, ~ FZA constrained at the values of the correspondingract physically meaningful dynamical parameters. The com-

'

quantum-defect differences obtained from the Rydberg-statearison also illustrates, however, that most of the dynamical
spectroscopy. The magnitude of, was also fixed at the Parameters determined from our analysis of quantum-state-
value obtained from the Rydberg-state spectroscopy. Thepecific PADs are relatively insensitive to the presence of
sign of 97, was held positive to account for the differences inSystematic errors in the data. In statistical terms, these pa-
the phase conventions mentioned previously. Because the if@meters determined in our fit can be deemed roust.
teraction between the evénand oddt partial-wave mani- addition, althoughrsy,— 75y is found to be sensitive to the
folds was not detected in the MQDT analysis of the RydbergPresence of systematic errors, only parameters from a small

spectroscopy, the fit could be decomposed into thelcatd ~ région of the totalJ — i M_E'Jarameter space that involves

the evenk parts as before. The fit with the fixad, — 7\ the small variation ofrgg,— TsqL can describe our data ac-
. “%\ " ceptably. Therefore, we believe that the parameters deter-

anddgy is referred to hereafter as the constrained fit, whereagined from our fit are a good representation of true dynami-

the fit presented in Sec. Il in whid_‘f;/,w - F”A and9yare  cal parameters that describe the ionization continuum of NO

o

free to vary is referred to as the unconstrained fit. The value@Ssociated V‘z’i”]r NO X 12+(V+:g) and the photolonization
of MZA(A) andMQh(D) [together with two parameters that Of the NOA “X7(v=0, N) andD X" (v=0, N) states.
designate the energy dependencesNb;fA(D)] determined

from the constrained fit are listed in the last columns ofB. lonization continuum dynamics

Tables Il and IlI, respectively. The reduced chi-square value  The continuum parameters given in Table | and Eds.
from the constrained odd{it was less than 2 and was only and (2) provide a detailed insight into the scattering dynam-
slightly larger than the reduced chi-square value from thecs petween the photoelectron and the N® 'S * (v =0)
corresponding unconstrained fit. The values . jon core. The electronic eigenphase shift is the scattering
(ay=l=0dd) were also similar with those determined from phase shift for theasth continuum molecular orbital,
the unconstrained fisee Tables,II and lJl These results are \yhereadJ?, is the vibrationally averaged value of the elec-
not surprising considering thEﬁ,w - ;ﬁx (ey=I=0dd) de-  tronic transformation matrix elemeftt.Physically, ?ZA rep-
termined from the unconstrained fit did not deviate signifi-resents the relative attractiveness that the photoelectron in
cantly from the corresponding quantum-defect differencesthe a,th continuum molecular orbital experiendeside the
The reduced Chi-square value from the constrained évien- ion-core region, and_jl)‘a represents the partia|-wave com-
was, on the other hand, larger than the reduced chi-squagg,qision of thea,th continuum molecular orbital. According
value from the unconstrained evefit and was close t0 2.5. oo\ o j1e OfUI)\a)\ determined from our fit, thé-mixing

The model PADs predicted by the dynamical parameters . b h brand oddk ial
from the constrained fit for the photoionization of the NO '”ter?C“F)!“S etween the eyxr&n oddk partia waves are
A25*(y=0, N) andD 25" (»=0, N=18) levels are not pre- not significant. The form oUlaA for the odd} partial-wave

sented here because they are virtually indistinguishable frorfanifold given in Eq(1) also indicates that théx ) (I =odd
those in Figs. 1 through 3 upon visual inspection. A thorougHPartial waves do not interact with each other and thus form
comparison of model PADs reveals that the increase in thédependent continuum molecular orbitals. Unlike the bdd-
reduced chi-square value of the constrained fit compareBartial waves, theo- anddo-partial waves are found to be
with that of the unconstrained fit stems mostly from the fail-Mixed to form continuum molecular orbitatdl andsd2.
ure of the parameters from the constrained fit to account fof e magnitude ofjy determined from our fit suggests that
a few data points in th®-state PADs. As discussed in Ref. the mixing between thec- anddo-partial waves is almost
26, the PADs of the NCD state contain more significant complete: The composition of thedl continuum molecular
systematic errors than the PADs of the MOstate. There- Orbital is approximately 55%o0 wave and 45%do wave,
fore, it is quite possible that the failure mentioned abovewhereas the composition of thed2 continuum molecular
results from systematic errors in the experimental data. Thig'bital is 45%so wave and 55%do wave. As discussed in

observation implies that the large discrepancy betweeisec. Il A, the integral changes in valuesaf/,w - ?x are

a
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permitted in our fit without changing the actual scatteringexchange-interaction region. Therefore, to understand the ex-
dynamics between the photoelectron and the molecular ioperimental observations in more detail, the interaction be-
as long as the correlated changes in sign#gf andUj, ~ tween the photoelectron and the NOX I3 (»"=0) ion
. . =\’ inside the ion-core region must be examined more closely.
are accompanied with them. Therefore, the values’of . . o
N _ _ _ @y Being a heteronuclear diatomic ion, Nossesses both
~ Ta, listed in Table | cannot be directly interpreted as they dipole moment and a quadrupole moment. The quadrupole
relative attractiveness that the photoelectron experiences imoment of the NO X 3*(»*=0) core is particularly sig-
side the ion-core region, unless brief physical considerationsificant and is responsible for thesplitting of thef Rydberg
regarding the penetratidf* of the photoelectron into the seriest* The photoelectron-quadrupole interaction in the
ion-core region precedes the interpretation. multipole-moment-interaction region, however, does not
Semiclassically, photoelectrons with large orbital angu-seem to be the major cause @f—do mixing because the
lar momentuml cannot penetrate into the ion-core region experimental PADs did not reveal mixing betwepn and
because of the large centrifugal barrier associated with theif-partial waves which would have been caused by the same
motion, and the primary characteristic of the ion core that thénteraction. As discussed previously, the interaction between
larged photoelectron experiences is the charge on the ionthe photoelectron and the dipole in the multipole-moment-
Consequently, partial waves with largeare similar to those interaction region should not be strong enough to cause mix-
in the hydrogenic field. The scattering phase dfuiftequiva-  ing between the evehand oddt partial waves. Therefore,
lently the quantum defegt@ssociated with the largepho-  although the interactions between the photoelectron and the
toelectron are therefore expected to be small because timultipoles are present in the multipole-moment-interaction
scattering phase shift is a measure of the difference betweargion (as evidenced by tha splitting of the f Rydberg
the Coulomb potential and the ion-core potential that photoseries, they seem not to be significant enough to cause
electron experiences inside the ion-core region. On the othenixing between different partial waves.
hand, partial waves with smallér(l=0 and 1 do penetrate The interaction between the photoelectron and the ion
into and interact with the ion core. When the photoelectron isnside the electron-exchange-interaction region can be under-
deep inside the ion-core region, the effective charge that istood by analyzing the nature of bound molecular orbitals of
experiences can be larger than 1 because of the reducéile NO"™ X 3" (»"=0) ion, as done in the seminal analysis
shielding of the nuclear charge by the other electrons. As af NO Rydberg-series structures by Jundeithe electronic
result, the scattering phase shift associated with the dmallconfiguration of the NO X% ijon is given by
photoelectron is expected to be large and negative. Based dw?2¢°30%40°50°17**>%7 The single-center expansion of
these physical considerations, we expectghandp-partial  each valence molecular orbital around the center of mass of
waves to be more strongly attracted to the ion core than thBlO™ indicates that the @ orbital has mostly thss charac-
d- and f-partial waves, respectively, as observed from theter, the 4 orbital has thepo character, and ther orbital
values of”*, — 7 listed in Table I. Indeed, the theoretical has thepm character. Unlike these molecular orbitals that
" 2 have single partial-wave characters, therbolecular orbital
expectation$*1® Between orbitals with the sane the val- has both theia anddo characters. According to Mulliken's
o . i o terminology?* a bound molecular orbital of the ion core is
uesofr,,  — 7, listedinTable |indicate thatthem wave  called the precursor of a given Rydberg orbital when the two
is found to be more attracted to the core thanpleewave, orbitals have the samie and approximately the santeval-
whereas thd ¢ and f = waves are more or less equally at- ues. Considering the close connection between the bound
tracted to the core. Rydberg orbitals and the partial waves for the continuum
The fact that mixing between evérand oddt partial-  photoelectrorf/** we can reasonably extend this precursor
wave manifolds is not detected in our fit suggests that theoncept and define the precursor of a given partial wave as
odd-multipolar interactions experienced by the photoelectroithe bound molecular orbital that has the sanand approxi-
in the ion-core region are not strong enough to induce miximately the samé values. Therefore, thes3and 5 orbitals
ing between eveh-and oddt partial waves. The observation can be considered as precursors forghepartial wave, and
that theso- anddo-partial waves are completely mixed with similarly 4o, 17, and % orbitals can be considered as pre-
each other whereas theand f waves are relatively unper- cursors for thgpo-, pr-, anddo-partial waves, respectively.
turbed suggests, on the other hand, that even-multipolar in- Within the independent particle approximation, these
teractions between the photoelectron and the *NO bound molecular orbitals, or precursors of partial waves, de-
X 37 (»*=0) ion inside the ion-core region affect each par-termine the molecular potential with which the photoelectron
tial wave differently. As discussed in PZ1, the interactioninteracts inside the electron-exchange-interaction region. Be-
between the photoelectron and the ion inside the ion-coreause the & orbital is the highest occupied molecular orbital
region is not unifornf>#® and the ion-core region can be of the NO" X '3* core witha symmetry, it contributes more
divided into the multipole-moment-interaction region and thethan other orbitals toward determining the molecular poten-
electron-exchange-interaction regidnThe continuum pa- tial that the partial waves with- symmetry experience. Con-
rameters determined in our fit represent the combined effectsdering that the & orbital is the precursor of both ther-
of the photoelectron—ion-core interaction in both theanddo-partial waves, the mixing between tke- anddo-
multipole-moment-interaction region and the electron-partial waves appears to be caused mostly by the interaction

analysis of Rydberg series of NO essentially confirms thes
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of the photoelectron with the other electrons inside thespherical molecular potential. As discussed extensively in
electron-exchange-interaction region, especially with tire 5 Sec. IV A, however, the continuum parameters determined in
orbital. On the other hand, the other precursors in the"NO our fit indicate the contrary. According to our fit results, no
X 13" core have mostly a single partial-wave charactersignificantl-mixing interactions occur in the ionization con-
Therefore, the photoelectron—ion-core interactions inside thénuum of NO other than the mixing between the anddo
electron-exchange-interaction region for partial waves othewaves. Because of the limited accuracy of our fit results, we
thanso anddo waves do not result in significahtmixing.  cannot exclude the possibility of smatmixing interactions
between various partial waves. The close agreement between
C. Photoionization dynamics of the NO A state our fit results and the results obtained from the MQDT analy-
) - N sis for the high-lying Rydberg series suggests, however, that
The dynamical parametetslax, Tay 2 and M“x deter- the I-changing collisions between the photoelectron and the
mined from the simultaneous fit of quantum-state-specifiGon core alone do not account for the production of ithel
PADs from the NOA ?2™(»=0) andD °S"(v=0) states de- partial waves in the ionization continuum.
termine not only the dynamics in the ionization continuum  According to a quantum mechanical calculation using
but also the photoionization dynamics of the individual ion-the improved virtual orbital approximation, the single-center
izing state. UnlikeU}, and FZ — 72 given in Table I, expansion of the nominalsd- orbital of the NOA ?S* state
N A X .
M, depends both on the ionizing state and the ionizatiorf"ound the center-of-mass yields 94.8%haracter, 0.2%

continuum because it represents the vibrationally avera ec aracter, 5.5% character, and 0.1%charactef® The cal-
inuu use it rep vibratl Y averageq) ated magnitudes of tHe~0 characters in thes3r orbital

electronic dipole-moment matrix element that connects th%re not large enough to account for thed)- and f-wave
lonizing state to theyth continuum molecular orbital. Table contributions to the total ionization cross section, which are

) N L
I leits M“x(A) for the pho'F0|on)|\zat|on of the NO approximately 10% and 20%, respectively. Note, however,
A 3" (v=0) state, and Table Il listd1,, (D) for the photo-  that the partial-wave contributions to the ionization cross
ionization of theD 23" (»=0) state. The photoionization dy- section are not directly proportional to the partial-wave char-
namics of the NOA 23 *(»=0) state has been discussed in acters in the ionizing orbital. Instead, they are proportional to
detail previously based on the partial-wave decomposition ofhe square of the magnitudes of the dipole-moment matrix
the ionization continuuri®??>~?*Because of the disentangle- elements that connect the ionizing orbital to the partial waves
ment of the dynamics in the ionization continuum accom-in the ionization continuum. The favorable radial overlap
plished here based on the molecular-orbital decompositiorhetween the diffusé#0 components in thesdr orbital and
however, we can clarify some of the interpretations of thethe partial waves in the ionization continuum can result in
photoionization dynamics of the N@ %S (v=0) state, and the large magnitudes of the dipole-moment matrix elements
emphasis will be given on this clarification in this section. for | #1 partial-wave channels, which may explain the ob-
The NOA 237 state is a 80 Rydberg state converging served contributions dfs1 partial waves to the total ioniza-
to the NO" X '3 ion. Therefore, the photoionization selec- tion cross sectiofi?
tion rule,l=1,%1, for an atomic system for whick is the
partial-wave component of the Rydberg electron predicts thaﬂ)
the p-partial waves should be dominantly produced in the
photoionization process. Our fit results confirm this predic-  The rotationally resolved photoelectron spettra and
tion: according to the value CWIZA(A) determined in our fit, the quantum-state-specific PASsrom photoionization of
the p-wave contribution to the total ionization cross sectionthe NOD 37 (»=0) state have been obtained and analyzed
is approximately 70%. The fit results also indicate that thePreviously to yield the qualitative insight on the photoioniza-
f-wave contribution to the total ionization cross section istion dynamics of the NCD “S"(»=0) state. Based on the
more than 20%, whereas thee and d-wave contributions dynamical parameters determined in our fit, we can obtain a
combined are approximately 10%. Despite this large contridetailed quantitative understanding of the photoionization
bution of thef wave to the total ionization cross section, the dynamics of the N % (v=0) state. Indeed, this dynami-
AN==*4 jonizing transitions are not present in the photo-cal information is almost tantamount to determining all the
electron spectrum because of the destructive interference bguantum numbers before and after the photoionization pro-
tween the dipole-moment matrix elements to feeandfs  Cess, and it constitutes the complete description of the photo-
waves that have comparable magnitudes and pRage&+25  ionization of the NOD state?* The dynamical parameters
The contribution ofl #1 partial waves produced in the obtained in this study also show a clear signature of the
photoionization of the NOA 23" state can be explained ei- €xistence of the Cooper minimum in th8—do ioniza-
ther by thel mixing in the ionization continuum or b0  tion channel in the photoionization of the NID state”®*’
characters in the NQ\ state. Inab initio calculations, the The NOD °3* state is a Bo Rydberg state converging
former has been proposed as the primary cause of the pré? the NO" X ' ion. The atomic photoionization selection
duction of partial waves other thanwavess®47*8Accord-  rule predicts the dominant production sf and d-partial
ing to the results oéb initio calculations, the-partial waves ~Waves in the photoionization of the ND state, which is
generated in the photoexcitation of thec3orbital are scat- indeed confirmed in our fit results. According M}, (D)
tered into thd #1 partial-wave channels because of the non-given in Table Ill, the combined- andd-wave contributions

. Photoionization dynamics of the NO D state
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account for approximately 80% of the total ionization crossAN>0 and AN<O transitions with the samgAN|, as ob-
section. The rest of the total ionization cross section is acserved in the quantum-state-specific PADs of the DiGtate
counted for mostly by the-wave contribution. The strong in this study and in rotationally resolved photoelectron spec-
asymmetry in intensity between theN>0 andAN<O tran-  tra of Rydberg states of Gtiand NH®2 Note, however, that
sitions with the sam¢AN| is modeled successfully by in- this asymmetry in intensity indicates, the strong energy de-
cluding two dynamical parameters that signify threear en-  pendences of dynamical parameters that describe the photo-
ergy dependences &y (D) and MJ,(D). The fact that ionization process, and thus can be caused by dynamical
these two parameters can successfully describe the opposfteenomena other than Cooper minima. The strong appear-
skewing in intensities of thkAN|=1 and|AN|=3 ionizing  ance of ionizing transitions that involve only partial waves
transitions is a direct consequence of the interference bewith the samd is also suggestive of a Cooper minimum, as
tween various partial waves in the ionization continuum. discussed in the preceding paragraph.

As mentioned earlier, the existence of a Cooper mini- It is interesting to note that the same Cooper minimum
mum in the o—do ionization channel was predicted at a manifests itself in quite a different manner in the dynamical
photoelectron energy of 0.33 eV in thd initio calculations  parameters, depending on whether the dynamical parameters
of Wang, Stephens, and McKdhthat are built on the partial- are based on the partial-wave decompos#idi®® or
wave decomposition of the ionization continuum. This Coo-molecular-orbital ~decomposition of the ionization
per minimum occurs because the first radial node ofditie  continuum?’ Formally, the two descriptions are equivalent in
partial wave occurs near the maximum of the outermost looglescribing photoionization from a given electronic state. In
of the 3po Rydberg orbital. Our fit results indicate that our fit based on the molecular-orbital description of the ion-

(D) andM {4 (D) are strongly energy dependent at theization continuum,MZy, (D) is found to change sign and
photoelectron energy of approximately 0.24 eV. Especiallyshow a strong energy dependence consistent with the original
J41(D) goes through zero at this energy, showing a Coopedefinition of the Cooper minimum as a vanishing of the
minimum in thesdl ionization channel. The energy depen- dipole-moment matrix element for one of the ionization

dences ofMZy (D) and MZ,(D) are consistent with the channels. Because of tHemixing, however,r, and #,, ,
predicted existence of a Cooper minimum in thee3-do  which are based on the partial-wave description of the ion-
ionization channel because both &l andsd2 continuum ization continuum, show more complex energy dependences
molecular orbitals result from the mixing between the- when the Cooper minimum exists for one of the ionization
and do-partial waves in the ionization continuum. In the channels® As discussed earlieso- and do-partial waves
experimental quantum-state-specific PADs of the MO are formed by the interference between #dl andsd2
state, the most notable signature for the existence of the Cogontinuum molecular orbitals. Hence, the energy depen-
per minimum is the strong asymmetry in intensity betweendences oMZy (D) andMZy(D) in our fit translate into the
the AN>0 andAN<O transitions with the sam@N|. The  complex variations of not only the magnitudes, andr, ,
appearance of the strong N|=3 peaks is also illuminating but also the phases,, and 7y, , of the partial-wave dipole-

in the context of the occurrence of the Cooper mininflim. moment matrix elements. Indeed, @b initio calculations,
These peaks result from tlikpartial waves in the ionization the Cooper minimum in the Br—do ionization channel
continuum. As shown in Table £Z;, and 7] are similar in  shows up as the sign change of the standing-wave-
magnitude, indicating that thed2 andds continuum mo- normalized principal part of the dipole-moment matrix ele-
lecular orbitals should interfere destructively. The valuesment for thedo ionization channel, whereas the magnitude
listed in Table Ill indicate that stronfAN|=3 peaks are of the dipole-moment matrix element itself does not undergo
observed despite this destructive interference because of thiee sign chang®’ A more detailed comparison of our fit
disparity in the values oM Z,(D) andM (D), which is a  results and the results ab initio calculations is impossible
direct consequence of the Cooper minimum in tier3-do at the moment becausg,, and 7y, are not reported in Ref.
ionization channel. 37.

The effect of the Cooper minimum in atomic photoion- The single-center expansion of the nominglo3orbital
ization has been studied extensively since its first identificaef the NO D 22" state around the center-of-mass yields
tion in photoionization of alkali-metal aton{$>?=°® Re-  0.62%s character, 98.77% character, 0.56% character,
cently, the importance of the Cooper minimum in molecularand 0.07%f character, according to a quantum-mechanical
Rydberg state photoionization was recognized bothcalculation using the  improved  virtual  orbital
theoretically’ =% and experimentall§®1®2 The Cooper approximatiort’ On the other hand, the results of our fit
minimum in atomic photoionization manifests itself as indicate that thg-wave contribution to the total ionization
changes in the total ionization cross sections and the phot@ross section amounts to almost 20%. This seemingly large
electron angular distributiors:>® In molecular photoioniza- discrepancy between the smalndd characters in the go
tion, however, diagnosis of the existence of a Cooper miniorbital and the larggp-wave contribution in the ionization
mum is not so straightforward as in atomic photoionizationcontinuum may result, at least partly, from the presence of
because of the presence of many ionization channels and thiee Cooper minimum mentioned aboeBecause of the
complex interferences between them. The existence of themallness of the dipole-moment matrix elements fordhe
Cooper minimum in molecular photoionization can be in-ionization channel caused by the Cooper minimum, the rela-
ferred from the strong asymmetry in intensity between theive importance of th@-wave contribution becomes larger at
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the photoelectron energy observed in our experiment. the molecule-frame scattering matrices that describe the col-

Another possible explanation for the largewave con- lision events between the photoelectron and the ion and rep-
tribution is that thes andd characters in the NO state may resents the first such determination in the molecular system.
be enhanced by interaction with the other electronic stateThe dynamical parameters obtained in this study also consti-
Absorption and emission studies have shown that the NQute complete descriptions for photoionization of the RO
D 23" (»=0) state is heterogeneously perturbed by vibra-and D states, and thus enable us to predict various unob-
tional levels of theB 2l state®®®* Although the NO served dynamical quantities associated with the "NO
D 25*(y=0, N=18) level employed in this study is not di- X !3*(v*=0)+e~ system accessed by the individual
rectly perturbed by this heterogeneous interactfoime per-  photoionization process. They also provide a detailed quan-
turbation is conceivably enough to enhancegsfandd char- titative insight into the existence of a Cooper minimum in
acters in the NOD state. We also note that even athe 3po—do ionization channel for the photoionization of
perturbation between the N@ 23" (v=4) andD 5% (y=0)  the NOD 23" (»=0) state.
states, which would certainly enhance #heharacter in the
NO D state, has been proposed although definite spectrgscKNOWLEDGMENTS
scopic evidence is currently lackii. _ _ _
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